Two yeast isolates producing asci-containing elongate ascospores with curved ends typical of the genus Spathaspora were isolated from rotting wood samples collected in an Atlantic rainforest ecosystem in Brazil. Phylogenetic analysis of the LSU rRNA gene D1/D2 domain sequences demonstrated that the strains represent a new species and placed it next to Candida blackwellae, in a clade that also contains Candida albicans and Candida dubliniensis. Other sequences of the ribosomal gene cluster supported same placementin the same clade, and a phylogenomic analysis placed this new species in an early emerging position relative to the larger C. albicans/Lodderomyces clade. One interpretation is that the genus Spathaspora is, in fact, paraphyletic. In conformity with this view, we propose the novel species Spathaspora boniae sp. nov. to accommodate the isolates. The type strain of Spathaspora boniae sp. nov. is UFMG-CM-Y306
The genus Spathaspora was defined on the basis of the formation of unusual ascospores that are elongated with tapered ends that sometimes curl in the ascus [1] . The first described species, Spathaspora passalidarum, was later joined by Spathaspora arborariae, Spathaspora brasiliensis, Spathaspora girioi and Spathaspora suhii. These species form a well-supported clade based on analyses of LSU rRNA gene D1/D2 sequences [2, 3] . They produce ascospores similar to those of Sp. passalidarum and are joined by two asexual species, Candida jeffriesii and Candida materiae. The addition of Spathaspora xylofermentans and Spathaspora roraimanensis by Cadete et al. [4] expanded the genus to include a second clade that comprised Candida lyxosophila, Candida subhashii and Candida sake, as well as suggested an affinity with Candida insectamans. Typical ascospores are formed by Spathaspora roraimanensis, but other members of the newly defined subclade are known from their asexual cycle only. With the discovery of Spathaspora allomyrinae, also a bearer of elongate ascospores with curled, tapered ends, the phylogenetic integrity of the genus suffered somewhat, as the D1/D2-based phylogeny proposed by the authors [5] placed the second subclade at an early emerging position with respect to the core Spathaspora subclade together with many Candida species related to the medically important species Candida albicans, as well as the ascogenous species Lodderomyces elongisporus and Nematodospora valgi. In other words, Spathaspora metamorphosed from clade to grade. The authors noted this but pointed out that the genus remained morphologically consistent and that the phylogenetic position of Sp. allomyrinae was not well supported. In another analysis of the same data but with a different list of taxa [3] , most species of the two Spathaspora subclades grouped together, but Sp. allomyrinae fell outside a larger clade containing all other Spathaspora, as well as a number of Candida species, including C. albicans. An analysis based on 642 aligned orthologs retained the two Spathaspora subclades as sisters, lending some support to the treatment of the curled, tapered ascospores as a synapomorphy, but the analysis included a smaller number of taxa, and not Sp. allomyrinae.
During studies of yeasts associated with rotting wood in the Brazilian Atlantic rainforest ecosystem, we isolated two strains producing allantoid asci with a single elongate ascospore identical to those described to the genus Spathaspora. Unexpectedly, analyses of barcode sequences suggested that these strains may be part of the C. albicans/Lodderomyces clade. Other regions in the rRNA gene cluster, as well as a genome-scale analysis, corroborated these results. Based on the information presented in this paper, we take the bold step of assigning the new species to the genus Spathaspora, in spite of the resulting paraphyly. Preservation of monophyly would have required either the reassignment of all species of the Spathaspora/C. albicans/Lodderomyces clade to a single genus or the creation of many small, poorly defined, genera. Neither alternative would serve yeast taxonomy well. Our choice reflects the reality that Spathaspora as currently delineated represents an evolutionary cohesive taxon whose members share a common ascus morphology and a number of growth characteristics. Paraphyly arises from asymmetrical taxon divergence. It is widespread in the tree of life but seemingly ignored by systematists, who have instead insisted on a strictly monophyletic classification [6] . We propose the name Spathaspora boniae sp. nov. for the new species. We also characterized ethanol production from D-xylose by the two strains.
YEAST ISOLATION, GENOME ASSEMBLY AND PHYLOGENETIC ANALYSES
Strains UFMG-CM-Y306
T and UFMG-CM-Y363 were isolated from rotting wood samples collected in Rio Doce State Park in May 2013. This is an ecological reserve with 36.000 ha of Atlantic rainforest located in the north of the state of Minas Gerais (19  29¢24¢ and 19  48¢18¢ S; 42  28¢18¢  and 42 38¢30¢ W) in Brazil. Rotting wood samples of fallen dead trunks of unidentified trees were stored in sterile plastic bags and transported under refrigeration to the laboratory over a period of no more than 24 h. For each wood sample, 0.5 g were placed, separately, in flasks with 10 ml sterile diluted sugarcane bagasse haemicellulosic hydrolysate. The hydrolysate used in medium was produced by H 2 SO 4 hydrolysis as described in Guam anBurneo et al. [7] . The composition of the sugar cane bagasse hydrolysate was 4.8 % xylose, 0.4 % cellobiose, 0.3 % acetic acid and 0.008 % furans (78.1 mg l À1 furfural and 2.0 mg l À1 5-hydroxymethylfurfural). The sugarcane bagasse hydrolysate was diluted (1 : 1 v/v) with sterile distilled water. The flasks were incubated at 30 C on an orbital shaker (New Brunswick) at 200 r.p.m. for 10 days. When growth was detected, 0.5 ml aliquots were transferred to tubes containing 5 ml of the same medium, and the tubes were incubated as described above. Upon detection of yeast growth, a loopful of each culture was streakinoculated onto yeast extract-malt extract agar (YM, glucose 1 %, yeast extract 0.3 %, malt extract 0.3 %, peptone 0.5 %, agar 2 % and chloramphenicol 0.02 %). The plates were incubated at 25 C, and different yeast morphotypes were purified by repeated streaking on YM agar plates and preserved at À80 C or in liquid nitrogen pending identification. The yeasts were characterized morphologically and physiologically by standard methods [8] .
The region spanning the small subunit (SSU) rRNA gene, the internal transcribed spacers (ITS), including the 5.8S rRNA gene and the large subunit rRNA gene was amplified and sequenced with combinations of primers listed in Rosa et al. [9] , as well as primers NS7a and NL5a of Kurtzman and Robnett [10] . Amplification was performed directly from whole yeast cells as described previously [11] . Sequencing was performed at the London Regional Genomics Centre of the Robarts Research Institute, London, Ontario. The sequences were assembled, edited and aligned with the program MEGA7 [12] , and they were compared with those included in the GenBank database using the Basic Local Alignment Search Tool (BLAST at www.ncbi.nlm.nih. gov) [13] . Trees were reconstructed from programs provided in MEGA7. Phylogenetic placement of the novel species was based on a maximum-likelihood analysis of D1/D2 sequences totalling 500 aligned positions, with the TamuraNei model and a gamma-distributed substitution rate with invariant sites allowed. Bootstrap values were determined from 100 iterations.
Genomic DNA of strain UFMG-CM-Y306
T (=CBS 13262 T ) was extracted, and two genomic DNA libraries were prepared with Nextera-XT kits (Illumina) according to the manufacturer's recommendations. The final libraries were checked with a Bioanalyzer 2100 (Agilent) and quantified by qPCR. The average library sizes were 600 bp and 300 bp, and sequencing was conducted using Illumina MiSeq (v3 kit) and Illumina HiSeq 2500 platforms. We obtained 2 582 984 reads (2Â301 bp; MiSeq) totalling 777 478 184 bases with an estimated 59x coverage, and 71 100 644 reads (2Â101 bp; HiSeq 2500) totalling 7 181 165 044 bases with an estimated 598Â coverage. Reads were assembled with SPADES [14] version 3.9.0. The genome completeness was determined from the presence of orthologous clusters using CEGMA [15] version 2.5 and BUSCO [16] version 2 software. Genes were predicted with a Maker2 [17] pipeline using Augustus and Snap predictors. Transfer RNAs were detected using tRNAscan-SE [18] , and repeated elements were investigated by RepeatMasker version 4.0.6 [19] .
Five hundred and ten orthologous single-copy genes were shared between the new species and 34 other species in the CTG clade (yeasts using an alternate codon table where CTG encodes serine, instead of leucine; Table S1 , available in the online Supplementary Material). Saccharomyces cerevisiae S288C and Lachancea kluyveri were used as outgroups for the phylogenomic analysis. The gene sequences were aligned individually using Muscle version 3.8.31 [20] . Inconsistent regions in alignments were trimmed using trimAl [21] , and the aligned sequences were concatenated, generating 174 867 alignment patterns of amino acids into a supermatrix with 1.60 % gaps. Then, the supermatrix was submitted to RAxML [22] version 8.0.0 for maximum-likelihood phylogenetic tree inference using the default settings and 100 bootstrap replicates. The tree was edited by iTOL software [23] .
We used orthologous clusters of proteins from OrthoDB version 9.1 to search for sequence similarity to XYL1 (accession number: EOG092DC324N), XYL2 (accession number: EOG092C2LBV) and XYL3 (accession number: EOG092-C1IUM) protein-coding genes using the BLASTP algorithm (cut-off e-value 1e-30 and at least 80 % identity).
D-XYLOSE FERMENTATION ASSAYS
Yeast isolates were maintained on yeast extract-malt extract agar (YMA; 10 g l À1 glucose, 5 g l À1 peptone, 3 g l À1 yeast extract, 3 g l À1 malt extract, 20 g l À1 agar) plates by incubation at 25 C for 48 h. Inocula were prepared in 50 ml YPX liquid medium (10 g À1 each) as carbon sources were carried out in 100 ml in 250 ml Erlenmeyer flasks. The flasks were incubated as described above for 72 h, and the fermentation of xylose was monitored by taking samples at 0, 6, 12, 24, 36, 48, 60 and 72 h, and co-fermentation of glucose/xylose by taking samples at 0, 3, 6, 9, 12, 24, 36, 48, 60 and 72 h. Cell concentrations were determined by correlating optical density measurements taken with a Thermo Spectronic Genesys 20 Model 4001/4 spectrophotometer (Thermo Scientific) at 600 nm with a calibration curve (dry weightÂoptical density). The glucose, xylose, xylitol, glycerol, acetic acid and ethanol concentrations were determined by using a high performance liquid chromatography system (Merck Hitachi) equipped with a refractive index detector (L-7490, Merck Hitachi) and an Aminex HPX-87H column (300Â7.8 mm, Bio-Rad). Twenty-microlitre samples were injected using a mobile phase of 0.01 N H2SO4 at a 0.4 ml min À1 flow rate and an oven temperature of 50 C.
For the enzymatic activity assay of D-xylose reductase (XR) and xylitol dehydrogenase (XDH), yeasts were grown in YPX medium, as described above, in fermentation assays. After 16 h, cells were harvested and the crude cellfree extracts were obtained using Y-PER Yeast Protein Extraction Reagent (Pierce) and enzymatic activities were determined spectrophotometrically according to Cadete et al. [24] . Protein concentrations in the cell-free extract were determined by using a BCA Protein Assay Kit (Pierce).
PHYLOGENETIC PLACEMENT, SPECIES DELINEATION AND GENERIC ASSIGNMENT
Analysis of LSU rRNA gene D1/D2 sequences placed the two yeast isolates next to C. blackwellae, in a clade that also contains C. albicans and C. dubliniensis (Fig. 1) . The shortest p-distances from any other described species were 0.084 with C. albicans, 0.094 with C. buenavistaensis and C. dubliniensis, and 0.096 with C. blackwellae, demonstrating that the new isolates represent a new species. The sequences of the two isolates were identical. Both produced ascospores with the unique morphology typical to the genus Spathaspora. Lopes et al. [3] showed the inability of ribosomal RNA gene-based analyses to resolve the phylogeny of species assigned to the genus Spathaspora on the basis of their ascospore morphology. The authors even suggested that the ascospore morphology, however unique, might not be a reliable synapomorphy for the genus. The analysis of D1/D2 sequences presented in Fig. 1 points to further difficulties. Specifically, when presumed outgroup species, such as Debaryomyces hansenii, are added to the analysis, the subclade that comprises Spathaspora gorwiae, Spathaspora hagerdaliae, Spathaspora roraimenensis and Spathaspora xylofermentans fails to exclude the outgroup species. Furthermore, the analysis places Sp. allomyrinae in an early emerging position with respect to the entire clade that comprises C. albicans, Lodderomyces, Nematodospora and all other Spathaspora species. This bewildering state of affairs could have been imputed to anomalies in the phylogenetic signal of the D1/D2 domains of this set of species, but another analysis based on other parts (SSU and ITS) of the ribosomal gene cluster (not shown) still resolved the new species next to C. albicans and C. dubliniensis.
The analysis of 510 conserved genes shared by the type strain of the new species and 34 other species of the CTG clade also placed the new species outside of the clade containing known Spathaspora with available genome sequences, instead placing it in an early emerging position relative to the C. albicans/Lodderomyces clade (Fig. 2 ). This analysis shows that these strains are not part of C. albicans/Lodderomyces clade as suggested in Fig. 1 . Although the analysis did not address the fate of Sp. allomyrinae, whose genome is yet to be sequenced, it normalized the position of the genus Debaryomyces and reinforced the conclusion that the genus Spathaspora, as currently defined, is paraphyletic.
A cladistic evaluation of character states of the standard growth tests of previously described Spathaspora species in comparison with those of the new species and species such as C. albicans and C. dubliniensis failed to provide additional insights on the status of spore morphology as a synapomorphy. The growth responses of these species are generally similar. 
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Lachance [6] recently provided a cogent argument for retaining paraphyletic taxa in cases such as this. The main reason is that careful examination of the tree of life shows that paraphyly is widespread, a fact that many are reluctant to admit. He noted that speciation, like the divergence of higher taxa, is rarely symmetrical, but often involves divergence of a small subset away from a stem group, leaving the latter paraphyletic. In the present case, the most sensible interpretation of the phylogenetic data is that the C. albicans/Lodderomyces clade emerged by diversification from a Spathaspora lineage with its characteristic spore morphology, represented here by Sp. boniae sp. nov. Adherence to the dogma that all taxa should be monophyletic, in the present case, would call for reassignment of all subclades hitherto assigned to Spathaspora to separate genera and would not reflect our understanding of reality. Whether this is desirable is a matter of contention among yeast systematists. For the time being, we regard as illadvised the proliferation of small, often monotypic genera, a practice that defeats the purpose of assigning species to genera in the first place. The eventual creation of smaller genera, were it to become justified, should at the very least await the availability of a stable, genome-based phylogeny of all known species of the larger Spathaspora/C. albicans/ Lodderomyces clade. The rate of discovery of new species that fit the description of Spathaspora is such that we can expect a more complete taxon sampling in the near future, which may also help refine the phylogeny. Case in point, we have recently isolated a single strain (strain UFMG-CM-Y6059, Fig. 1 ) that represents a sister species to the novel species being described here. The two differ by a pdistance of 0.035.
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The assembled draft genome of Sp. boniae sp. nov. consisted of 12 299 465 bp distributed across 384 contigs over 440 bp long. The largest contig has a length of 326 926 bp, the mean length was 32 029 bp and the N50 value was 104 097 bp. Based on the estimated number of orthologous proteins as determined by the programs CEGMA and BUSCO, genome completeness was estimated as 96.7-98.9 %. Gene prediction identified 6 046 predicted protein-coding sequences. Sequence similarity searching showed matches with 5 680 proteins (93.9 %) against the NCBI non-redundant database. We found 145 tRNA genes.
The Sp. boniae genome has a relatively high GC-content (53.9 %) compared to those determined for other Spathaspora species and those of the C. albicans/Lodderomyces clades, which have values between 31 and 41 %. Wide ranges of G+C content are not unusual for yeast genera [25] . Other genera with wide ranges include Hanseniaspora (28-40 %), Kazachstania (27-45 %), Lipomyces (41-55 %), Pichia (27-44 %), Saccharomycopsis (31-43 %) and Sporopachydermia (37-49 %), so this characteristic is not a peculiarity of the genus Spathaspora.
The new species was obtained from samples of fallen dead trunks of unidentified trees in an Atlantic rainforest site in Brazil. These strains were recovered from two of 300 samples collected in this forest site. Its low frequency in rotting wood suggests that the primary habitat of this yeast may be wood-associated invertebrates.
Sp. boniae is able to assimilate cellobiose and salicin, whereas C. albicans and C. dubliniensis do not use these compounds as sole carbon sources. This new species did not assimilate erythritol, whereas most of the Spathaspora species is able to assimilate this carbon compound. However, the growth profile of Sp. boniae is nearly identical to the other species of the clades Spathaspora and Lodderomyces/ Candida albicans, and sequencing is recommended for differentiation of the species.
XYLOSE METABOLISM
The genome data were examined to provide insight on the evolutionary status of xylose metabolism in the novel species. The first step of D-xylose conversion to D-xylulose involves the XYL1 gene, which encodes the enzyme Dxylose reductase (XR), producing xylitol. We found multiple homologs of this gene in the genomes of the species studied. Sp. passalidarium has 13 homologs; Sp. arborariae and Sp. girioi have eight; Sp. boniae, Sp. hagerdaliae and Sp. gorwiae have one; C. albicans has nine and C. dubliniensis and C. tropicalis have eight. Xylitol is converted to D-xylulose by the enzyme xylitol dehydrogenase (XDH), encoded by the XYL2 gene. We found two copies of the XYL2 gene in Sp. passalidarium, Sp. girioi and Sp. arborariae, as well as one copy in each of Sp. boniae, Sp. hagerdaliae, Sp. gorwiae, C. tropicalis, C. dubliniensis and C. albicans. D-xylulose enters the pentose phosphate pathway through phosphorylation and consequent conversion into D-xylulose-5-phosphate, by the action of Dxylulokinase, which is coded by the XYL3 gene. We found two copies of the XYL3 gene in C. albicans and a single copy in each of Sp. boniae, Sp. passalidarium, Sp. hagerdaliae, Sp. gorwiae, Sp. girioi, Sp. arborariae, C. tropicalis and C. dubliniensis. These results suggest that these species are all likely to be able to consume and possibly ferment Dxylose, but they do not shed additional light on their phylogenetic relatedness.
The genus Spathaspora accommodates several D-xylose-fermenting species that have the potential for the production of biofuels through the fermentation of lignocellulosic materials [3, [26] [27] [28] [29] [30] . In the present study, the fermentation of D-xylose and the co-fermentation of D-glucose and Dxylose by the new species were evaluated. The relevant parameters are summarized in Table S2 . Product titres, yields and productivities were calculated based on the time of maximum ethanol production. When cultured in YP medium with 30 g l À1 D-xylose, the new species was able to consume virtually all D-xylose within 24 h, at a consumption rate of 1.5-1.8 g l À1 h À1 . This rate is higher than that observed in Sp. girioi (0.
) and Sp. gorwiae (0.6 g l À1 h
À1
) under the same conditions [24] . The two strains of Sp. boniae sp. nov. produced more xylitol (13.8-14.7 
as observed in other yeasts, such as Scheffersomyces amazonensis, Cyberlindnera xylosilytica and Cyberlindnera galapagoensis [7, 27, 31] .
The co-fermentation assays revealed that Sp. boniae sp. nov. consumed 100 % of the glucose in approximately 12 h and more than 90 % of the D-xylose in 36 h, approximately 10 % of which was consumed before D-glucose exhaustion. This behaviour was also observed in Sp. girioi, Sp. hagerdaliae and Sp. gorwiae [3] , as well as Sp. passalidarum [32] . In Sp. passalidarum, D-glucose and D-xylose were consumed simultaneously under aerobic conditions, but ethanol was not produced [33] . Ethanol production by Sp. boniae sp. nov. occurred during glucose consumption and reached 12.7-13.5 g l
. During the D-xylose growth phase, ethanol increased to 19.3-20.0 g l À1 , but xylitol was the main product of D-xylose metabolism, reaching 11.6-12.6 g l À1 in 48 h. Therefore, under the conditions tested, the co-fermentation of D-glucose and D-xylose by the new species was similar to that previously observed in other xylose-fermenting species. The conversion efficiency of D-xylose to ethanol or xylitol could probably be optimized by fine-tuning fermentation conditions, including aeration, cell inoculum and sugar concentration.
The activity of the enzymes involved in the first steps of Dxylose metabolism, xylose reductase, and xylitol dehydrogenase were determined in crude extracts of Sp. boniae after 16 h of D-xylose metabolism in YPX cultures (Table S3) . XR activity was detected with both cofactors, although it was higher with NADPH. The XDH activities were strictly NAD + -dependent. The preference of XR activity by NADPH in Sp. boniae may explain why xylitol is the major product during xylose fermentation. This trait was previously observed in other yeasts that produce more xylitol than ethanol, such as Scheffersomyces stipitis, Sp. brasiliensis, Sp. roraimanensis, Sp. suhii, Sp. xylofermentans and Sp. girioi [3, 27] .
DESCRIPTION OF SPATHASPORA BONIAE C. G. MORAIS, BATISTA, KOMINEK, FRANCO, FONSECA, HITTINGER, LACHANCE AND ROSA SP. NOV.
Spathaspora boniae (bo´ni.ae N.L. gen. n., boniae, pertaining to Bon, in honour of Elba Pinto da Silva Bon, in recognition of her contributions to the study of the utilization of lignocellulosic materials for the production of ethanol in Brazil).
On YM agar, after 3 days at 25 C, the cells are spheroidal to ovoid (2.2-2.3Â4 µm). Budding is multilateral. Colonies are white, convex, smooth and opalescent. In yeast extract (0.5 %)-glucose (2 %) broth after a month, a sediment and a ring are formed, but no pellicle is observed. On Dalmau plates after 2 weeks on cornmeal agar, pseudohyphae are present. Sporulation occurs on YCB agar supplemented with 0.01 % ammonium sulfate and dilute (1 : 9) V8 agar incubated at 25 C after 5 days. Unconjugated asci are formed from single cells with a single greatly elongated ascospore with tapered and curved ends (Fig. 3) C is negative. Growth on YM agar with 10 % sodium chloride is positive. Growth in 50 % glucose/yeast extract (0.5 %) is negative. Acid production is negative. Starch-like compounds are not produced. Growth in 100 µg cycloheximide ml -1 is positive. The known habitat is rotting wood in Brazil. The type strain accession number of Spathaspora boniae sp. nov. is UFMG-CM-Y306
T . It was isolated from rotting wood in the Rio Doce Ecological State Park, an Atlantic Rain Forest site of Brazil. It has been deposited in the Collection of Microorganisms, DNA and Cells of Federal University of Minas Gerais (Coleção de Micro-organismos, DNA e C elulas da Universidade Federal de Minas Gerais, UFMG), Belo Horizonte, Minas Gerais, Brazil, where it is preserved in a metabolically inactive state. An ex-type culture has been deposited in the collection of the Yeast Division of the Centraalbureau voor Schimmelcultures (CBS), Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands, as strain CBS 13262 T .
Funding information Fig. 3 . Spathaspora boniae UFMG-CM-Y306 cells and unconjugated ascus with a single greatly elongated ascospore with curved, tapered ends on YCB agar supplemented with 0.01 % ammonium sulfate and dilute (1 : 9) V8 agar incubated at 25 C after 5 days. Bar: 5 µm.
